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■ INTRODUCTION
Carbon dioxide (CO 2 ) is one of the most common anthropogenic greenhouse gases in terms of its concentration in the atmosphere. If nothing is done to curb the amount of CO 2 currently released, global warming will continue, inducing dramatic changes in the global climate system. 1 In the transition period from a fossil-fuel to a low-carbon world, one of the most critical technological challenges is to develop efficient, environmentally friendly, and low-cost CO 2 capture technologies. Despite the considerable academic and industrial R&D efforts already focused on this subject over the past decade, 2 the high costs and energy penalty of many solutions (e.g., chemical absorption using amines) remain prohibitive, meaning that CO 2 capture processes still cannot be deployed on a large scale for industrial applications other than natural gas treatment or chemical production. Intensive research efforts must therefore be maintained to test innovative ideas and develop emerging technologies such as the use of clathrates for CO 2 separation.
Gas clathrates are supramolecular entities composed of a network of host molecules forming cages or channels capable of stabilizing different types of gas molecules in well-defined thermodynamic conditions. If the host molecule is water, clathrate hydrates are the host−guest compounds, commonly called gas hydrates. If the host molecule is organic, the host− guest compounds in this case are organic clathrates. Among the portfolio of new solutions on offer to separate CO 2 from gaseous compounds, technologies based on clathrate hydrates were initially presented as a gas separation technique potentially more advantageous than conventional separation methods, such as cryogenic fractionation, gas absorption, adsorption processes, or membranes. 3, 4 The hydrate-based process could be particularly advantageous from an economic point of view when the raw gaseous stream is already pressurized, typically for natural gas sweetening (i.e., CO 2 /CH 4 gas mixtures) or for precombustion CO 2 capture (i.e., CO 2 /H 2 gas mixtures). Various studies have already demonstrated its potential for separating CO 2 from gas mixtures. 5−8 However, although considerable improvements have been made in many respects, there are still many obstacles to overcome before the process can be deployed on a wide scale: (i) the slow formation rate of the gas hydrates crystals, (ii) the difficulties posed by handling a multicomponent and multiphase mixture in a gas separation unit, e.g., from the gas capture (hydrate formation) to the release section (hydrate dissociation), and (iii) insufficient hydrate selectivity toward CO 2 compared to other technologies such as adsorption or absorption, particularly for CO 2 /CH 4 separation. 9, 10 The future directions and challenges for hydratebased gas separation, as well as information on the various types of chemical additives (promoters), innovative contactor DOI: 10.1021/acs.iecr.8b01462
designs, and new materials tested over the two past decades, were presented in recent reviews on the subject. 11, 12 In the same way as water can form hydrates in the presence of certain gases, hydroquinone (HQ) is also known to form organic clathrates with various gaseous species (e.g., CO 2 , H 2 S, CO, and SO 2 ) in well-specified thermodynamic conditions of pressure and temperature. 13 These gases are retained in a network of self-associating molecules of HQ forming cavities, with an ideal stoichiometry corresponding to the ratio 3:1 (i.e., three molecules of HQ per guest molecule). 13, 14 The HQ clathrates (β-HQ) are characterized by an occupancy factor (called clathrate occupancy), which is the proportion of cavities filled by guest molecules, ranging from 0 for guest-free clathrates to 1 for full clathrates.
14, 15 The formation of HQ clathrates is achieved in a two-step reaction, in which the native HQ (α-HQ) is put in contact with suitable guest molecules. 16, 17 The gas molecules are first included in the cavities of α-HQ (in a phenomenon called "gas solubilization in the HQ α-form"). 18, 19 Then after an induction period (corresponding to the time during which the α-HQ starts to transform into clathrates), the α/β phase transition takes place and the β-HQ is gradually filled.
It was recently shown that HQ clathrates could be used for the selective capture of CO 2 contained in CO 2 25 and demonstrated that HQ clathrates could be a very interesting alternative for gas storage and separation applications. Furthermore, it should be noted that if the HQ clathrates are entirely filled with CO 2 (i.e., a clathrate occupancy of 1), they can store approximately 94 L of CO 2 (STP) per liter of HQ. This is similar to the volume capacity of good adsorbents such as silica MCM-41 (81 L at 298 K), 26 zeolite 13X (187 L at 298 K), 27 zeolitic imidazolate framework ZIF-69 (83 L at 273 K), 28 and activated carbon MaxsorbAC (162 L at 298 K). 29 In addition, the storage capacity of the HQ clathrates is comparable to that of clathrate hydrates, i.e., around 170 L of CO 2 (STP) per liter of H 2 O (considering the stoichiometry of the hydrate-forming reaction of one molecule of CO 2 per 7.3 molecules of H 2 O). 30 However, the kinetics of HQ clathrate formation need to be much improved, particularly if a clathrate-based gas separation process is to be deployed on an industrial scale. Indeed, the gas capture rate has to be high enough to compete with adsorption and reactive absorption technologies. Previous studies have shown that enclathration kinetics are influenced by pressure and temperature conditions. The induction period is reduced at high pressure, 31 and the enclathration kinetics are faster at high temperature. 22 Another parameter that significantly affects the clathrate formation kinetics is the gas−solid contact area: the larger the area, the faster the kinetics. 16, 32 Building on this knowledge, we recently developed an HQ-based composite material by impregnation of porous silica particles. 16 In CO 2 capture experiments using this reactive medium at 3.0 MPa and 323 K, we demonstrated that (i) there was no need for an induction period, and (ii) the time needed to fill 50% of the clathrate cavities (known as t c 50 ) was much shorter compared to experiments involving powdered HQ (about 6 h instead of 9.1 days). Despite this progress, it is still essential for us to learn more about the key parameters controlling the enclathration kinetics so that further improvements can be made.
In this work, the HQ was conditioned in different ways in order to evaluate and quantify the impact of textural parameters on kinetics: it was ground to a powder, compacted to form pellets, or deposited on porous supports. The efficiency of the CO 2 gas capture kinetics of the media generated was evaluated by performing gravimetric measurements using a magnetic suspension balance. In our previous study, 16 the same series of techniques were used to compare HQ powder and composite materials, but at only one pressure (3.0 MPa) and temperature (323 K) value for two type of supports (spherical and irregular silica particles). The impact of the pore size of the support, and the effects of pressure and temperature conditions on the kinetics of CO 2 capture, were not investigated. This study therefore (i) assesses HQ pellets, an innovative way of conditioning HQ, for the very first time, (ii) evaluates the influence of both pressure and temperature conditions on the kinetics of CO 2 capture by HQ clathrates, (iii) analyzes the effect of the quantity of HQ loaded into the silica support, and (iv) assesses the influence of the pore size of the support.
■ EXPERIMENTAL SECTION
Materials. The HQ (purity of 99.5 mol %) used in this work is provided by Acros Organics. The helium and CO 2 used for the experiments (minimum mole fraction purity of 99.995%) are purchased from Linde Gas SA. Absolute ethanol (purity greater than 99 mol %) is used as the solvent in the wetimpregnation method used to create the HQ composite materials. The porous supports employed are high-purity analytical-grade spherical silica particles (SiliaSphere, referred to as SS below) and high-grade irregular silica particles (SiliaFlash, referred to as SF below) provided by SiliCycle. The SS particles, of 200−500 μm in size, have pores of 50 nm. Three types of SF particles are used: (i) particles of 200−500 μm with a pore size of 38 nm (written hp-SF), (i) particles of 500−1000 μm with a pore size of 16 nm (noted mp-SF), and (iii) particles of 800−1200 μm with a pore size of 10 nm (written lp-SF).
Apparatus and Method. Conditioning the HQ. The HQ is conditioned in three different ways: (i) grinding, (ii) compaction, and (iii) deposition on supports. For the grinding, a mixer mill (model MM400 from Retsch) is used, producing powdered HQ with a particle size of no more than 100 μm. The compaction process is performed under 5 tons with a mechanical squeeze tool using evacuable pellet dies (from Specac) creating HQ pellets with an inner diameter of 13 mm and a thickness of 5 mm. The deposition of HQ on porous silica supports is performed by wet-impregnation (WI) based on a protocol previously detailed in literature. 16 In short, after thermal pretreatment (i.e., drying at 423 K in a muffle furnace for 24 h), the porous supports are put to soak in an HQ in ethanol solution for 24 h at 308 K. The impregnated particles are then filtered and placed in the oven to dry for 24 h at 308 K. For the four particle batches, the impregnation solution used is a saturated HQ in ethanol solution prepared at 308 K based on the solubility data given in literature. 33 Additionally, for SS particles, 60% and 20% saturated HQ in ethanol solutions (at 308 K) are used. Although we had demonstrated that the dryimpregnation (DI) method in a fluidized bed produces an HQ−silica composite material that has slightly more efficient enclathration kinetics, 16 we preferred working with materials produced by wet impregnation in this study. This method is more suitable than the DI one when only a few grams of material are required (as the minimum load for a DI operation performed in our apparatus is 0.2 kg of silica particles per batch).
Physicochemical Characterizations. The samples are visualized by optical microscopy using a camera (Qioptiq) with a zoom system of ×16. The three-dimensional microstructure of HQ pellets is obtained by X-ray tomography using a Zeiss Xradia Versa 510. The morphology of the impregnated particles is observed thanks to a tabletop scanning electron microscope (SEM) (model TM3000 from Hitachi). This SEM is equipped with an energy dispersive X-ray spectrometer (EDX) detector (model SwiftED3000 from Oxford Instruments) that makes it possible to characterize the elemental composition of the surface analyzed. The mean particle diameters are evaluated using a laser diffraction particle size analyzer from Malvern Instruments (model Mastersizer 2000). The HQ content of the composite materials (ratio of the impregnated crystal mass to the support mass) is determined by thermogravimetric analysis (TGA) using a thermobalance analyzer (model Q600 from TA Instruments) that measures the mass loss of the sample exposed to a temperature ramp from ambient temperature to 773 K in an oxidizing atmosphere (air). The textural parameters (i.e., specific area, total pore volume, and pore size distribution (PSD)) are investigated by N 2 porosimetry analysis, which consists of adsorption− desorption isotherms at 77 K using an automatic Micromeritics TriStar II 3020 system. This system can be used to evaluate mesoporous materials (i.e., materials with a pore size of 2 to 50 nm).
Kinetic Evaluation. The gas capture kinetics are measured by gravimetry using a Rubotherm magnetic suspension balance. The experimental apparatus and methodology are presented in detail in Coupan et al. 16 and Khaddour et al., 34 but we can say, briefly, that approximately 1 g of sample is used for each experiment. Prior to operations, the sample is purified at 323 K under vacuum until its mass is constant. The exact volume and mass of the sample are obtained before the gas capture experiment by a calibration step performed with helium. The measurement chamber is then pressurized with CO 2 at the target temperature. Experiments are performed at temperatures of 298, 323, and 348 K and pressures of 1.5, 3.0, and 4.5 MPa. The pressure is kept constant throughout the experiment by continuously adding feed gas. The release step then involves reducing the pressure in the system to 0.1 kPa and increasing the temperature to 348 K. On the basis of the previous study of Coupan et al., 16 we made sure that the excess mass measured (i.e., the mass measured by the magnetic suspension balance) differed from the total mass of gas captured by HQ clathrates by less than 0.1%. The reproducibility error of these experiments is evaluated at 7%.
■ RESULTS AND DISCUSSION
Conditioning and Characterization. The different conditioning processes produced powdered HQ, HQ pellets, and HQ−silica composite materials. The initial motivation for using pellets was principally to avoid the constraints related to the use of pulverulent material (in this case powdered HQ), essentially: (i) an excessive pressure drop in the process if a fixed bed reactor is chosen for gas−solid contacting, (ii) dispersal of very fine particles to other parts of the gas separation unit, and (iii) application of stringent safety rules and the use of personal protective equipment to prevent the operator from inhaling HQ dust. The characteristics of native HQ and powdered HQ are presented in Figure S1 of the Supporting Information. As we can see, grinding significantly reduced the size of HQ crystals. The mean particle sizes of native and powdered HQ were 163 and 25 μm, respectively. HQ pellets are shown in Figure 1 .
The N 2 gas porosimetry measurements performed on native, powdered, and compacted HQ, indicated that negligible amounts of gas were adsorbed on these samples, proving that these media are neither micro-nor mesoporous materials (i.e., the samples do not have pores of less than 50 nm in diameter). Consequently, the specific area can be approximated to the geometrical surface of the crystals. In a first approximation, we estimated this surface using the particle size analyzer which gave results of 0.04 and 0.24 m 2 /g for native and ground HQ, respectively.
The HQ pellets ( Figure 1a ) were investigated using X-ray tomography. Three-dimensional scans with a voxel size of 1 μm revealed a dense microstructure exhibiting a large number of voids, essentially planar ( Figure 1b ). These planar voids correspond to the contact planes between different HQ crystals and to the compaction fractures within individual crystals. As compaction broke the crystals, but did not separate the fragments, the original monocrystals can still be identified at some locations, as illustrated by the blue contours in Figure 1c . However, the high degree of fragmentation makes it impossible to attribute each fragment to a crystal.
Coupan et al. (2017) 16 showed that HQ monocrystals exhibit macroporosity estimated to be less than 1%. When the HQ crystals are compacted into pellets, these macrovoids are crushed and the connected network of newly formed fracture planes produces additional void spaces and porosity. The X-ray data can be used to qualitatively assess this intercrystal porosity, which stands at around 4%, i.e., it is at least 4 times greater than that of the HQ monocrystals. But a quantitative assessment is not possible, as hairline fractures are invisible at the resolution of the scan.
The compaction-induced fragmentation also increases specific area. The visible specific area is 0.16 μm 2 /μm 3 (≈ 0.12 m 2 /g or 3 times greater than for native HQ), but the real value is undoubtedly significantly higher, as a surface texture of less than a few micron cannot be accurately determined from the X-ray data.
On the basis of the density of pure HQ (1.33 g/cm 3 ) and the apparent density of the HQ pellets (i.e., the ratio of the pellets' mass to the apparent volume), the average porosity calculated with six pellets is an estimated 4.7 ± 2.0%, confirming the previous determination by X-ray tomography.
Concerning the HQ−silica composite, we confirmed from previous work that the HQ impregnated on both the SS and SF particles did not undergo any chemical transformation. 16 The different HQ−silica composite materials were analyzed by TGA. The HQ contents of the lp-SF-, mp-SF-, and hp-SF-based composite materials were 0.39 ± 0.02, 0.32 ± 0.02, and 0.44 ± 0.03 g HQ /g Support , respectively. For the SS-based composite materials synthesized from 100%-, 60%-, and 20%-saturated solutions of HQ, the HQ contents were 0.41 ± 0.01, 0.27 ± 0.04, and 0.10 ± 0.02 g HQ /g Support , respectively. Figure 2 shows SEM images of the SS-based composite materials obtained using the three HQ solutions: it clearly appears that HQ coats the external surface of the silica particles, as already reported in literature for other wet-impregnated particles. 16 However, this coating is not uniform and depends on the concentration of HQ used in the impregnation solution: the higher the concentration, the more uniform the impregnation. The EDX analysis enabled us to check the surface of the impregnated particles where the target elements are carbon (from the HQ molecule) and silicon (from the silica support). These analyses revealed the presence of HQ not detected by the SEM. Indeed, despite the latter's high magnification, part of the silica surface appears to be uncovered, whereas the EDX detected carbon. It can therefore be affirmed that the pores are filled with HQ crystals.
The different HQ-based composite materials synthesized from SF particles were analyzed by N 2 gas porosimetry. SS particles were not included in this evaluation as part of their PSD exceeds the upper measuring limit of our equipment. The adsorption−desorption isotherms and the PSD of SF particles are shown in Figure S2 of the Supporting Information. According to the IUPAC classification, the isotherms are type IV and present type H1 hysteresis loops characteristic of mesoporous materials. The textural parameters obtained for native and impregnated particles are reported in Table S1 of the Supporting Information. The results obtained on native SF supports are consistent with supplier data to within 9% for porous volume and 4% for both pore diameter and specific area.
From the data obtained, it is clear that changes occurred after impregnation of the silica supports. Both the porous volumes and the specific areas of the three SF-based composite materials decreased by about 40% with respect to those of the native SF supports. However, the mean pore diameters of the impregnated SF particles were not affected by the HQ impregnation. By analyzing the PSD plots, we inferred that, in the case of the lp-SF-and mp-SF-based composite materials, about half of the pores were possibly totally filled or plugged by HQ crystals and the remaining pores were HQ-free. In the case of the impregnated hp-SF material, a second size class was observed, centered at about 28 nm and corresponding to 52% of the pore volume of the composite material. Accordingly, we concluded that half of the pores were partially filled with HQ crystals, and the remaining were HQ-free. This observation had already been made for hp-SF that had undergone dry impregnation in a fluidized bed in a previous study. 16 Evaluating the Kinetics of Pure HQ. In this section the kinetics of pure HQ, conditioned in different forms (native, powder and compact), were evaluated in gas capture experiments. The amount of CO 2 captured (molar amount normalized by the mass of HQ) was tracked over time. To quantify the enclathration kinetics, we defined kinetic criteria considering that the clathrate formation mechanisms involve two stages (gas solubilization in the native α-HQ followed by enclathration by the β-HQ form) as was recently demonstrated. 16, 17, 31 Two reaction rates could therefore be defined for each gas uptake: an initial reaction rate (r 0 ) for the gas solubilization in the native α-HQ, and a maximum reaction rate (r c ) for the enclathration step. The reaction rates were calculated by numerical differentiation based on the quantity of CO 2 captured versus time, considering a running interval of around 1 h. Characteristic times were measured: the induction time (t ind ), and a characteristic time (t c 50 ) at which the clathrate occupancy (x) was 50%. The induction time is the amount of time elapsed between the pressurization (gas−solid contacting at t = 0) and the onset of gas capture by enclathration. In these experiments, the gas capture rate versus time curve passed through a minimum value situated between the initial (r o ) and maximum (r c ) rates, due to two successive capture phenomena (the gas is first solubilized when the HQ is in α-form and then enclathrated when it is in β-form). More details on this calculation can be found in another publication on the subject. 16 The clathrate occupancy was also recorded after 10 and 30 days of reaction. All the kinetic criteria obtained for native, powdered, and compacted HQ are listed in Table 1 .
Effect of P/T Conditions on HQ Powder. First, only the powdered HQ was tested in order to investigate the effect of temperature and pressure conditions on the CO 2 enclathration kinetics. Experiments were conducted at 293 K/3.0 MPa, 323 K/3.0 MPa, and 323 K/4.5 MPa. We determined a reaction time of 1 month to allow sufficient time to discriminate the kinetics. Previous results have indeed shown that the enclathration kinetics are slow and that the system can only reach a pseudoequilibrium state (i.e., low mass variation over time) after 45 days. 16 The amounts of gas captured by the powdered HQ over time for the given pressure and temperature conditions are shown in Figure 3 . The influence of pressure and temperature was evaluated by considering increases of 1.5 MPa (experiments conducted at 3.0 and 4.5 MPa for 323 K) and of 30 K (experiments conducted at 293 and 323 K for 3.0 MPa). Analysis of the quantitative data reported in Table 1 reveals that, when pressure or temperature increases, the induction time is reduced and the CO 2 enclathration kinetics are enhanced. Allison and Barrer (1967) 31 performed similar investigations for xenon (Xe) capture by HQ clathrates. They found that (i) induction times were nearly independent of temperature (experiments ranging from 233 to 283 K at a very low pressure of 0.072 MPa) but were highly dependent on pressure (experiments ranging from around 0.007 to 0.07 MPa at 273 K), and (ii) the enclathration rate increased with temperature (from 218 to 267 K at constant total pressure). One divergence, concerning the influence of temperature on the induction time, might be related to the temperature range covered in the two studies. At low temperature (i.e., the experimental conditions of Allison and Barrer), the effect of temperature, related to lower thermal agitation, on the induction time is negligible and hardly measurable. In addition, this difference could also be ascribed to the nature of the gas which was used (Xe instead of CO 2 ) and to the pressure level, which was 40 times lower in Allison and Barrer's experiments. Finally, our conclusions agree with those of , 22 who also found that the initial rate of formation of the HQ clathrates with pure CO 2 increases with temperature. Consequently, in the conditions of this study, increasing pressure and temperature significantly enhanced the enclathration kinetics, as observed in typical gas−solid reactions. 35−37 An increase in pressure effectively concentrates CO 2 molecules in the gas phase (and at the gas-solid interface) and enhances the probability of contact between CO 2 and the HQ surface. A temperature increase involves both a decrease of the density of the gas phase and the intensification of the degree of motion (i.e., thermal agitation) of the CO 2 molecules. Therefore, the effect of pressure and temperature on kinetics of HQ clathrates formed by direct gas−solid reaction can be well explained by the collision theory.
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For the conditions investigated here, it appears that a 1.5 MPa increase in pressure has a more significant effect on the enclathration kinetics than a 30 K increase in temperature.
As described in literature, 31 a linear fit generally links the logarithm of the induction time to the induction pressure (i.e., overpressure by reference to the thermodynamic equilibrium pressure) for a constant temperature, as given by eq 1:
where t ind is the induction time expressed in hours, P ind is the induction pressure expressed in MPa, and a and b are constants. Consequently, on the basis of our experimental data for powdered HQ at a temperature of 323 K (see Table 1 ), and considering a clathrate equilibrium pressure of 0.27 MPa at the said temperature, 30 the coefficients a and b were estimated at −4.4 and 5.9. It appeared that the induction time could be greatly reduced by increasing pressure. As an example, we were able to predict, based on these data, that the induction time would be about 5 min for a total pressure of 7.0 MPa at 323 K. To properly describe the kinetic law of enclathration when using powdered HQ, the induction time is deducted from the total time, as shown in Figure S3 of the Supporting Information. Drawing on the experimental data obtained with powdered HQ, the differential rate law was then used to determine the reaction order. From the linear plot of the reaction rate logarithm against the storage capacity logarithm ( Figure S4 of the Supporting Information), the slope was found to be equal to 1.98, confirming a second-order reaction, as already suggested in literature. 31 Consequently, on the reduced time scale (after removal of the induction time), the reaction kinetics could be defined by eq 2:
where k is the rate constant and X the conversion ratio defined by eq 3:
where q is the storage capacity at time t, and q eq is the storage capacity at an infinite time at which the equilibrium state is expected. Integrating eq 2 leads to eq 4, which gives the conversion ratio as a function of the reduced time:
Considering the definition of the conversion ratio, it can be written as eq 5:
The latter can then be expressed as eq 6:
= ′ + q m t n 1 (6) where m and n are respectively the slope and intercept of the linear fit of the storage capacity inverse as a function of the reduced time inverse. As shown in Figure S5 of the Supporting Information, the linear fit of the storage capacity inverse as a function of the reduced time inverse produces both the equilibrium storage capacity and the rate constant at the pressure and temperature conditions considered. The clathrate occupancy at equilibrium state (x eq ) is calculated based on equilibrium storage capacities. All these data are presented in Table 2 .
Increasing both the temperature and pressure produced a higher rate constant. A 30 K increase doubled the rate constant and a 1.5 MPa increase quadrupled it. Furthermore, it was confirmed that the clathrate occupancies at equilibrium state were enhanced at low temperature 30 and high pressure. 19 From the results obtained at a pressure of 3.0 MPa for powdered HQ, and considering the Arrhenius equation (see Equations S1 to S3 in the Supporting Information), it was therefore possible to estimate that the activation energy of the CO 2 −HQ system was around 14 ± 1 kJ/mol CO2 . We are aware that only two data points were used to estimate the activation energy and that the result given in this study is considered as a rough estimation. The only data that can be used for comparison is the activation energy of 17.6 kJ/mol Guest found for the Xenon-HQ system at about 0.1 MPa over a temperature range of around 218−267 K. 31 Effect of Conditioning and Recycling on Pure HQ. The native, powdered, and compacted forms of HQ were evaluated at 323 K and 3.0 MPa in two successive gas capture and gas release runs, performed on the same initial material. We have called cycle the combination of a formation step followed by a regeneration step: for example, cycle 1 is the first formation step followed by its regeneration step. Run 1 is therefore the stage in which HQ and gas react together for the first time, and run 2 (starting cycle 2) is the second formation step performed with the same material that has already undergone a gas capture and a gas release cycle (in cycle 1). These experiments allowed us to assess the influence that conditioning and recycling of the used reactive media has on kinetics and to study the variation of the induction time at this stage between the two runs. The first gas capture cycle lasted 1 month and the second 10 days. Figure 4 shows the amounts of CO 2 captured over time in the two successive gas capture runs for the three media used. In respect of the kinetic criteria obtained in Table 1 , the clathrate formation kinetics were clearly improved by grinding and compacting the HQ crystals. It also appeared that compaction is more efficient than grinding for improving kinetics (Figure 4b,c) . We are, however, aware that an extra fine HQ power, even though hard to handle and difficult to use for practical and safety reasons, could compete with HQ pellets in terms of performance. For example, when HQ pellets are used instead of powdered HQ, the induction time is reduced by a factor of ∼4 and the enclathration kinetics are enhanced (e.g., t c 50 divided by ∼2 and r c multiplied by ∼2.6). These results clearly reveal the importance of the contact area between the HQ and the gas: because of the high degree of fragmentation of the native crystals of HQ compacted in the pellet, this leads to numerous nucleation sites and a large surface area, which enhance both the clathrate initiation and formation processes. After one month's reaction with CO 2 , clathrate occupancies of 0.63 ± 0.04, 0.71 ± 0.04, and 0.80 ± 0.05 at 323 K and 3.0 MPa for native, powdered, and compacted HQ were found. These differences in clathrate occupancy suggest that the systems have not all reached their equilibrium state (i.e., the equilibrium plateau where the mass of CO 2 captured does not evolve over time) after 1 month. Note that the occupancy values found at this pseudoequilibrium state are in good agreement with literature data. 22,39−41 Looking at the second gas capture run, a marked improvement can be seen for the three media (i.e., a decrease in reaction times (t ind and t c 50 ) and an increase in reaction rates (r 0 and r c )) (see Figure 4 and Table 1 ). For example, comparing the first and second gas capture runs for native HQ, the t c 50 was divided by 2.3 and r c was multiplied by 5.9. Moreover, t ind appears to be considerably lower and was about 0.2 h for both native and powdered HQ. Interestingly enough, for the HQ pellets, no induction period can be observed. These improved kinetics in the second gas capture run are in line with the "preforming effect" recently highlighted by Coupan et al. 17 Indeed, it was demonstrated that after a first formation−dissociation cycle, there is a visible modification in the morphology of the crystal surfaces (the native HQ crystals have smooth, regular surfaces, and after one cycle, the same crystals exhibit a rough aspect with perforated surfaces), which results in a substantial increase in the solid−gas contact area.
Kinetic Evaluation of HQ−Silica Composite Materials. In this section, the gas capture experiments were conducted on the different HQ-based composites. The kinetic criteria obtained for these media are given in Table 3 . As observed in our previous work, 16 the HQ−silica composite materials make it possible to couple adsorption on silica and enclathration through HQ. Additional adsorption measurements have shown that the different native silica supports reach the adsorption plateau after 6 ± 3 min. Considering this period, the amount of gas captured by adsorption on the HQ−silica composite materials can be graphically estimated. The adsorption capacities (q ADS ) measured for the different media are reported in Table 3 . So, to study the effect of the impregnation and compare the results to those obtained with the other types of conditioning (i.e., grinding and compaction), the amount of CO 2 adsorbed on silica was deducted from the total amount of CO 2 captured by the composite materials. For this reason, only the amount of CO 2 captured by enclathration is considered in the section below.
Compared to native HQ, and despite the fact that grinding and compaction of HQ seem kinetically interesting, it is obvious that the kinetics of CO 2 enclathration using HQ−silica composite materials are much more efficient. Indeed, with these media, the system reached an equilibrium value of clathrate occupancy after approximately 1 or 2 days, whereas 1 month's reaction was insufficient to attain equilibrium state when using native, powdered, and compacted HQ. Moreover, it appeared that no induction period, or one of just a few minutes, was required when using HQ−silica composite materials. As an example, for the impregnated SS particles at 0.41 g HQ /g Support , r c was increased by a factor of 71 and t c 50 was decreased by a factor of 79 compared to native HQ at 323 K and 3.0 MPa. As discussed in literature, the improved kinetics and much shorter induction period can be ascribed to the significant increase in contact area between the HQ and the gas due to the presence of HQ crystallites in the mesoporosity of the particle. 16 Experiments with HQ−SS Composites. Using the SS-based composite materials with an HQ content of 0.41 ± 0.01 g HQ / g Support , we verified the effects of recycling, pressure and temperature. Figure 5 shows the amount of gas captured and released by SS-based composite materials over time for four successive cycles. In contrast to the experiments with pure HQ, the first gas capture run with the composite materials appeared to be slightly faster than the following ones (see Figure 5a ). To explain this loss of efficiency in kinetics, we believe that the HQ starts to form a structure (i.e., the HQ crystallites agglomerate in the pores of the support) after the initial clathrate formation process, and this results in a slight decrease in the gas−solid contact area. Moreover, the first gas release phase was slower than the others (see Figure 5b) : around 9.8 h were needed to release all the captured CO 2 in the first release phase, and about 5.5 h were needed in the following ones. In this case, the release kinetics were improved after the first cycle. At the moment, we have no clear explanation as to why the global dissociation kinetics were enhanced after the first run, but we can nevertheless say that the trend is clearly reproducible. After both the first formation and dissociation runs, it is worth noting that the kinetics remained almost unchanged in the following runs. Consequently, the HQ-based composite materials can be recycled without any noticeable degradation to achieve reversible CO 2 capture.
Regarding the experiments performed at 323 K and 1.5, 3.0, and 4.5 MPa (Figure 6a ), the previous section on pure HQ confirmed the favorable influence of pressure on kinetics. In the case of the composite material, however, the improvement was less pronounced than for powdered HQ. It is worth noting that in the actual case study, the test at 323 K and 4.5 MPa using the SS-based composite material with an HQ content of 0.41 ± 0.01 g HQ /g Support gave the best kinetic criteria (i.e., r c of 35.8 mmol CO2 /kg HQ /min, and t c 50 of 1.9 h) and a clathrate occupancy of 0.99.
Concerning the experiments performed at 1.5 MPa and 298, 323, and 348 K (Figure 6b) , we observed first of all that the curves are very close. In addition, for the experiments at 348 and 323 K, the curve profiles indicated a slight phenomenon of gas sorption corresponding to gas solubilization in the α-HQ. r 0 was therefore measured at 1.0 and 2.2 mmol CO2 /kg HQ /min. Because of the superposition of adsorption phenomena at the beginning of the cycle, it is sometimes hard to precisely evaluate the induction times. At 1.5 MPa, the induction time was less than 15 min for the three temperatures tested. As for the influence of temperature on the enclathration kinetics when using the HQ-based composite, the trend did not appear clearly on the plots of Figure 6b as error bars are superimposed on some parts of the curves. However, comparison of the t 50 values presented in Table 3 show a clear global trend which is consistent with the one given for pure HQ: the enclathration kinetics are improved by a temperature increase. For example, t 50 equals 92.9, 64.9, and 51.4 h at 298, 323, and 348 K, respectively. In addition, with reference to the experiment performed at 323 K and 1.5 MPa, it is obvious that a pressure increase of 1.5 MPa is preferable to a temperature increase of 25 K for improving global kinetics.
On the basis of the kinetic law (eq 5) given in the previous section for powdered HQ, calculations were performed for the HQ-based composite synthesized from SS particles to determine rate constants and gas storage capacities at equilibrium. Table 4 presents the results obtained and shows that the rate constants varied with the pressure and temperature conditions in the same way as discussed previously. Besides, the rate constants obtained with the HQ-based composite were generally higher than those calculated when using powdered HQ. It is worth noting, however, that the rate constant for HQ powder at 323 K and 4.5 MPa was slightly higher than that of the composite at 298 K and 1.5 MPa. From the results obtained at a pressure of 1.5 MPa for the HQ-based composite, it was then possible to calculate the activation energy of the CO 2 − HQ clathrate formation reaction (using Equation S2 in the Looking at Figure 7 , it appears that the kinetics depend on the HQ content of the composite. Indeed, the kinetics of the composite with a high HQ content were faster. The r c were 1. Figure 8 , we can see that the kinetics were affected when HQ-based composite materials synthesized from different silica supports (i.e., impregnated lp-SF, mp-SF, hp-SF, and SS particles) were used. The differences between these composites mainly concerned pore size and specific area (Table S1 of the Supporting Information). Compared to Figure 7 , we can assume here that the different precursor contents of the tested media (i.e., from 0.32 to 0.44 g HQ /g Support ) are not significant enough to explain the major differences observed between the kinetic profiles shown in Figure 8 . The results highlight an improvement in kinetics when both the pore size increased and the specific area decreased (e.g., the r c of impregnated lp-SF, mp-SF, and hp-SF particles were measured at 6.8, 19.5, and 28.2 mmol CO2 /kgHQ/min, respectively). In addition, the clathrate occupancies of impregnated lp-SF, mp-SF, and hp-SF particles were measured at 0.38, 0.61, and 0.93, respectively, after 2 days' reaction (Table 3) . We can therefore conclude that the smaller the pore diameter (within the range of those tested in this study), the lower the kinetic efficiency. This conclusion might imply that (i) the HQ impregnated in small pores (such as those present in lp-SF and mp-SF) does not react with the gas because the pores are plugged, or (ii) the amount of HQ in the pores is very low (or the pores contain no HQ), and the kinetic measurements are related to the HQ crystals at the particle surface explaining the very low values of occupancy obtained after 2 days' reaction. All these points are consistent with our previous conclusions drawn in the Conditioning and Characterization section: the PSD suggests that the pores of lp-SF and mp-SF are totally filled or plugged with HQ crystals. When comparing impregnated hp-SF and SS particles, there are no substantial kinetic dissimilarities. We can thus infer that both the size of the HQ crystallites in the pores and the developed area of the impregnated HQ are of the same order of magnitude for composites synthesized from both hp-SF and SS particles. On the basis of these experiments, it appears that the minimum pore size of the silica supports must be greater than 16 nm (i.e., pore size of native mp-SF) to ensure the efficiency of the enclathration process when using HQ-based composite materials.
■ CONCLUSIONS
This study highlights the influence of the reactive medium and of pressure and temperature conditions on the kinetics of HQ clathrate formation by direct gas−solid reaction.
When using powdered HQ, it was demonstrated that high temperature, and more particularly high pressure, enhanced kinetics. Comparison of the results obtained in the CO 2 capture experiments using pure HQ in three forms (native, powdered, and compacted) as the reactive medium revealed that the enclathration kinetics can be improved by conditioning the HQ which increases the gas−solid contact area. Indeed, HQ pellets are more efficient than HQ powder, with a particle size of 25 μm, and native HQ. Our experimental results therefore demonstrated the important effect of textural parameters on kinetics. In addition, the preforming effect of HQ was confirmed after a first gas capture run, as significant improvements could be observed for native, powdered, and compacted HQ in the second gas capture run. This observation proved that HQ could be recycled to perform successive gas capture runs. In addition, in the specific case of the HQ pellets, there was no induction time as from the second gas capture run.
Owing to these experimental measurements, we proved that the enclathration of CO 2 by HQ is a second-order reaction. For the different P/T conditions, both the rate constants and clathrate occupancies at equilibrium state were determined. In the specific case of HQ powder at a pressure of 3.0 MPa and within a temperature range of 293−323 K, the activation energy of the CO 2 −HQ clathrate formation reaction was estimated to be around 14 ± 1 kJ/mol CO2 . The HQ−silica composite materials used as a reactive medium gave the best results in terms of improving the HQ clathrate formation kinetics. Indeed, when HQ−silica composite materials are used, the induction period can be almost done away with and the enclathration rate increases substantially compared with the other reactive media. At 323 K and 3.0 MPa, the use of an HQ-based composite formed with SiliaSphere particles increased the enclathration rate by a factor of 71 and reduced the time needed to fill 50% of the clathrate cavities by a factor of 79 in contrast to pure native HQ. Moreover, for a test performed at 323 K and 4.5 MPa with the same composite material, the time needed to fill 50% of the clathrate cavities was reduced to 1.9 h and a clathrate occupancy of 0.99 was achieved. In view of the trends given in this study, these kinetic factors could be even higher when working at higher pressure. In addition, the HQ−silica composite materials can be recycled to achieve reversible CO 2 capture. However, to obtain efficient HQ-based composites, it is required (i) to have a support with a suitable pore size (>16 nm) to avoid plugging all the particle pores and (ii) to perform the impregnation process with a high concentrated HQ solution. These two points ensure that the pores of the support contain small HQ crystallites permitting a large developed HQ reactive area. Now, work is in progress to evaluate the viability and feasibility of using this type of reactive medium at pilot scale in clathrate-based gas separation processes. 
ARRHENIUS EQUATION
The Arrhenius equation is commonly used to give the temperature dependence of reaction rates. This law is expressed by Equation S1:
where A is the pre-exponential factor, which is a constant related to a specific reaction, R is the universal gas constant, and E a is the activation energy for the reaction considered. Writing the logarithmic form of Equation S1 brings us to Equation S2:
The latter can then be expressed as Equation S3:
where a' and b' are respectively the slope and intercept of the linear fit of the rate constant logarithm as a function of the temperature inverse.
